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Introduction
The measurement of local pH is hugely valuable in explaining complex interfacial reactions, such as corrosion, 1, 2 metal deposition 3, 4 and acid-base dissolution, 5, 6 all of which produce or consume protons and alter the pH near an interface. Additionally, many biological processes result in either intracellular 7, 8 or extracellular 9 pH changes, and the quantitative measurement of these pH changes with high spatial resolution would aid in understanding the mechanisms involved.
While local pH can be visualized using optical techniques such as wide field fluorescence microscopy 9 and laser scanning confocal microscopy, 10 pH is commonly measured with electrodes. When deployed as the tip in scanning electrochemical microscopy (SECM), these electrodes have enabled the measurement of pH with high spatial resolution at interfaces. [11] [12] [13] [14] The scale on which pH electrodes can be made has advanced in recent years to the micro 15, 16 and nano scale. 17, 18 SECM pH probes employing a variety of metal/metal oxides have been reported previously. 15, [19] [20] [21] Iridium oxide-based pH ultramicroelectrodes have proven particularly popular for spatially resolved pH measurements in SECM, owing to their fast response time, long termstability over a wide range of pHs, temperatures and pressures, all-solid format and capability for miniaturization. 15, 22, 23 Iridium oxide pH electrodes have been prepared by either electrochemical oxidation, 22 thermal decomposition 24 and sputter deposition 25 of iridium metal, or by the electrodeposition of iridium oxide from alkaline solutions of iridium salts. 23 and a constant separation mode, 31 to demonstrate the versatility of the technique.
Experimental
Materials and reagents and the method for the preparation of calcite microcrystals, together with instrumentation details are available in Supporting Information (sections S1, S2 and S3, respectively).
Fabrication and Characterization of pH-SICM probes.
The pH-SICM probes were fabricated by a two-step process. Briefly, in the first step, a quartz theta pipet (O.D. 1.2 mm, I.D. 0.90 mm, Intracel) was pulled in a laser puller (P-2000, Sutter Instruments) to a sharp point. One of the pipet barrels was closed by using 'Blu-Tack' (Bostik) and butane was passed through the other barrel, via tubing, under an argon atmosphere. 29 The tip of the probe was heated with a butane torch, typically for 35 s, to pyrolytically deposit carbon from the butane, as illustrated in Figure 1A , producing an extensive filling of one barrel as shown in Figure 1B . Field-emission scanning electron microscopy (FE-SEM, Supra 55-VP, Zeiss) of a typical pH-SICM probe after carbon deposition is shown in Figure 1C . A range of electrode sizes, between 40 nm and 10 µm radius (overall of the entire probe), were easily constructed 6 by changing the laser pulling parameters during fabrication. Herein, we focus on probes with a size of ca. 100 nm across for each barrel (SECM and SICM). An electrical connection was established by inserting a copper wire through the top end of the pipet barrel to make a back contact with the carbon layer.
In the second step, electrodeposition of an iridium oxide film onto the deposited carbon layer was performed using the deposition solution (see Supporting Information Section S1). was used to achieve close positioning of the probe to the sample and to maintain the height of the electrode from the surface as is standard in SICM; 29, 30, 36 this was set based on the probe size. For the probe sizes mentioned herein, an i AC of 9 pA was used as the set point for constant distance 31 
Results and Discussion
Fabrication and characterization of pH-SICM probes. The pH-SICM probes were quickly and easily fabricated with a high success rate (80 %, based on approximately 150 probes) on the day of use. The anodic electrodeposition of iridium oxide films onto the carbon nanoelectrode was achieved amperometrically using a constant-potential of 0.68 V; Figure   S1A shows a typical current-time (i-t) curve. The deposition reaction responsible for iridium oxide formation on the electrode is: 26, 35 [Ir(COO) 2 
Assuming 100% faradaic efficiency, the total amount of iridium oxide electrogenerated can be calculated by integrating the area under the i-t curve and was found to be ca. Iridium oxide potentiometric electrodes are known to exhibit a super-Nernstian pH response, with slopes varying from -59 to -90 mV per pH unit at room temperature. 23 This has been attributed to a rather complex redox process governing the potentiometric response: Figure 2B shows a typical calibration curve for a nanoscale pH probe, where a slope of 79 ±2 mV/pH was obtained over pH range 2-11, which is within the range seen with larger electrodes. 15, 23, 26 This was typical of more than 70% of nanoscale electrodes that were fabricated and tested. The pH-SICM probes produced a stable response over 3 hours of 9 continuous imaging, but their long term stability was not addressed in this study since probes were fabricated on the day of use.
pH mapping of Calcite dissolution. The dissolution of calcite is strongly pH-dependent and this process increases the local pH at the calcite-water interface. [37] [38] [39] The pH-SICM probe was used to map the interfacial pH and changes in crystal size that occurred during calcite microcrystal dissolution. This served to illustrate the dual capability of these probes:
topography mapping combined with simultaneous local pH measurements.
For mapping of an entire calcite microcrystal during dissolution, we implemented a hopping mode similar to that reported previously for SICM. 30, 33 Thus, a series of approach curves that stopped upon reaching a specific ac-set point, signifying a particular (close) distance from the surface was used to create an image. Briefly, the probe was approached to the calcite microcrystal at a speed of 0.2 µm/ s while the ac component of ionic current, i AC, was monitored during the approach. The pH was recorded simultaneously as a function of zposition (normal to the substrate). As soon as the value of i AC exceeded the set point, the probe was quickly withdrawn to 25 µm, moved to a new x-y pixel (in the plane of the substrate) to start a new measurement cycle.
An optical micrograph of a typical calcite microcrystal, in 0.01 M KCl, obtained directly on the experimental set up, is shown in Figure 3A and the corresponding 3-D topography map recorded by the pH-SICM probe is shown in Figure 3B . This SICM image is seen to match very with the optical image, with the advantage that the SICM image provides information of the crystal height as well as the lateral dimensions. The pH map corresponding to the distance of closest approach from the surface (estimated as 100 nm, from the magnitude of i AC 36 ) is shown in Figure 3C . As expected under dissolution conditions, a dramatic increase in pH was observed near to the microcrystal, with the pH taking values of ca. 7.9 ± 0.1 close to the microcrystal surface compared to a bulk value of ca. 
